Abstract: Precast fabricators strive for business success in delivering products on time. To achieve this goal, fabricators start manufacturing once they receive specific design information. However, this strategy induces wasteful inventory. The objective of this study is to develop a Time Buffer Evaluation Model (TBEM) to promptly deliver products and maintain a smaller inventory. This model consists of two stages. The first, by using fuzzy logic, considers factors that influence construction duration. The second stage evaluates a time buffer by considering the tardiness penalty and crashing costs. In this study, one real case is tested to demonstrate the applicability of the proposed method. The application results show that the developed TBEM can reduce the level of finished goods inventory without changing production resources.
Introduction
In the precast industry, customer satisfaction is measured by on-time delivery. Late delivery can interrupt construction progress and thereby induce delays. Moreover, the consequences of late delivery include a penalty for contract infringement and deterioration of business reputation. To deliver products on time whenever customers need them, fabricators begin production upon receipt of specific design information. Unfortunately, since a building site may not have enough space to pre-store precast elements, customers often change delivery dates in accordance with construction progress. Consequently, numerous finished goods are stored in yards waiting to be delivered, a practice considered wasteful (Ohno, 1988) .
Precast fabricators of engineered-to-order products face numerous challenges as they strive for business success. Among these, demand variability is arguably the biggest problem (Ko and Ballard, 2005; Ballard and Arbulu, 2004) . One way to protect fabricators against the impact of demand variability is to finish production later relative to required delivery dates, thus reducing the risks of changes in delivery schedules and manufacturing a product that is either not yet needed or obsolete due design changes ( Ko and Ballard, 2004) . However, how much later relative to the required delivery date fabricators can still deliver products on time but reduce the level of finished goods inventory is an important question.
According to the buffering law, systems with variability must be sheltered by some combination of inventory, capacity, and time (Hopp and Spearman, 2000) .
The root method for solving problems induced by variability is to eliminate it. Thus, fabricators should constantly endeavor to reduce variability. Meanwhile, before variability has been totally eliminated, proper buffers are necessary to protect from the impact of changeability in demand. To deliver products on time (or Just-In-Time), a time buffer with a smaller inventory is needed. Otherwise, fabricators lose capacity due to vicious overtime cycles induced by variability.
The objective of this study is to develop a Time Buffer Evaluation Model (TBEM) to deliver products on time with a smaller inventory. To achieve this goal, a production strategy is proposed to reduce inventory and the risk of prematurely manufacturing products that is not yet needed. In the model, erection progress is first evaluated by using Fuzzy Logic (FL). An appropriate time buffer for delivering products on time with a smaller inventory is then analyzed by considering the cost of the tardiness penalty and crashing costs. Finally, the performance of the proposed method is validated by examining a real precast production project.
Fuzzy Logic
Uncertain and imprecise information is encountered while evaluating erection durations. In practice, factors influencing duration are difficult to quantify. Hence, the development of a mathematical model for duration estimation is complex and time-consuming. Fuzzy Logic (FL) has been proven to be an effective method for processing uncertain information in manufacturing systems (Chang, 1999; Wang et al., 1999; Adenso-Diaz et al., 2004; Singh et al., 2006) . FL was first developed by Zadeh in the 1960s for representing uncertain and imprecise information (Zadeh, 1965) . FL is broadly synonymous with fuzzy set theory, i.e., the theory of classes with unclear boundaries. More narrowly, FL is a system intended to serve as a means of approximate reasoning (Zadeh, 1994) . Classical logic (two-valued logic) assumes that every proposition is either true or false, a basic assumption that has been questioned. Unlike classical logic, FL is viewed as an extension of multi-valued conventional logic. FL simulates the high-level human decision-making process, which seeks to model imprecise modes of reasoning to make rational decisions in an environment of uncertainty and imprecision. Thus, FL provides approximate but effective descriptions for highly complex, ill-defined, or difficult-to-analyze mathematical systems (Zadeh, 2005) . A general Fuzzy Logic System (FLS) contains four major components: a fuzzifier, an inference engine, a rule base, and a defuzzifier, as illustrated in Fig.  1 .
Time Buffer Evaluation Model

Model Strategy
To fulfill an erection schedule, precast fabricators start manufacturing as soon as they receive specific design information. However, this practice results in accumulated inventory, considered to be a major source of problems for manufacturers (Spearman, 2002) . Change orders, categorized as demand variability, are among the largest sources of cost inflation on construction projects (Riley et al., 2005) . Components fabricated before they are needed frequently succumb to change orders, such as modifications in size, quantity, and delivery date.
A strategy used to reduce inventory and protect fabricators against the impact of demand variability is to finish production later relative to required delivery dates, as illustrated in Fig. 2 , where the adjusted production curve is "pulled" relatively close to the erection curve. To avoid out-of-capacity fabrication, the production curve is cushioned with a time buffer. For the progress P in Fig. 4 , an inventory level is decreased from i to i a . The time for finished goods inventory awaiting delivery is shortened from t to a time buffer designated b a . By adopting this strategy, both the inventory and the impact of demand variability can be reduced without increasing the production rate or the number of molds. 
Model Structure
The TBEM consists of two stages: erection duration inference and time buffer adjustment, as illustrated in Fig.  3 . The duration of the construction is first evaluated by using fuzzy logic. Then, a time buffer is estimated by considering the tardiness penalty and crashing costs. Eventually, the production due dates for each story can be determined by progressing backward from the highest level, story by story, to the lowest level.
Erection Duration Inference
The erection progress is evaluated using FL, the process of which is developed by incorporating the following steps: 1) determine the inference method, 2) identify the input/output variables and their membership functions, 3) establish fuzzy rules, and 4) determine the defuzzification method.
Determine inference method:
Inference can be defined as a process of mapping from a given input to an output. The most commonly used fuzzy inference technique is the Mamdani Min-Max method (Mamdani and Assilian, 1975) , as diagramed in Fig. 4 . The Min operator performs fuzzy intersections (t-norms) which select the minimum membership for AND antecedents. The max operator functions as fuzzy unions (t-conorms) that select the maximum membership for OR antecedents in the fuzzy rules.
Start Erection duration inference
Time buffer adjustment The output of the inference constitutes the erection duration. Five input variables, namely lifting speed, site layout, wind speed, rainfall, and rainy days, influencing erection progress are identified through interviews with experts. Those interviewed in this study have more than 10 years' experience in precast construction. The membership functions of each input/output linguistic variable are determined by the fabricators and the lifting crews, according to their experience and knowledge. The distributions of the membership functions are graphed in Fig. 5 . For example, the lifting speed is defined using three fuzzy sets, i.e., slow, medium, and fast. These membership functions are used in the fuzzifier component to calculate the degrees of linguistic variables. Each input factor is explained as follows.
˙Lifting speed This factor is defined as the time needed to crane up a precast element. On a construction site, the lifting speed is limited by the types and number of crane towers, as well as the element size and weight of the components (Tong and Tam, 2003) . The lifting speed generally decreases in correspondence with the complexity of the structure. Moreover, the size of the crew, the hooking speed, and proficiency in manipulating the equipment all impact the craning speed. The speed also varies with the story. This variable is normalized by lower bound 11 elements per day and upper bound 43 elements per day. The lower and upper bounds are calculated by the averages of previous lifting records. Value of this factor is scored in accordance with the construction crew's observations. ˙Site layout
Since precast components are positioned by crane towers, an inappropriate site layout delays erection progress. The storage location as well as the material supply path influence crane movements (Jang et al., 2007) . Moreover, the shape of the building, as well as of nearby projects, the status of traffic, and barriers in the sky all impact erection progress. This variable is scored by subjective recognition ranging from 0 to 1. Erection progress is directly associated with wind speed. Side forces enhanced by the wind's swaying of precast components increase difficulties in erection operation (Voisin, 1999) . Operating lifting procedures under windy conditions may even create hazardous situations. Wind speed is a seasonable variable, which can be approximated through weather forecasts (Barlow and Tippett, 2005; Kainkwa, 2000) . The upper and lower bounds are thus determined using historical wind speeds. The linguistic variable is normalized by the lower bound 0.2 (m/s) and the upper bound 7.6 (m/s), the factor being evaluated in accordance with weather forecasts and historical data.
˙Precipitation
Rain impacts almost all kinds of construction operations (El-Rayes, K. and Moselhi, 2001) . Light rain has a minor impact; whereas, heavy rainfall interrupts erection progress. Rainfall depth is also a seasonable variable which can be approximated from weather forecasts (Ali et al., 2000; Chen and Taylor, 2002) . The upper and lower bounds are determined using historical data. These variables are normalized by 0 (mm) and 459 (mm), respectively. The value of this factor is input in accordance with weather forecasts and historical data.
˙Consecutive rainy days
The number of consecutive rainy days plays a key role in evaluating construction duration. If precipitation is concentrated into only a few days, construction cannot proceed; however, the impact is limited if the precipitation is more widely distributed. This variable ranges from 0 to 25 days, approximated according to weather forecasts and historical data.
˙Erection duration
The output of the inference is erection duration which considers the aforementioned factors. Five fuzzy sets are used to define this variable, the universe of discourse being between 0 and 25 days.
Establish fuzzy rules
To formulate rules representing a practical status, fuzzy rules are established on the basis of facts or human knowledge (Zadeh, 1973) . Fuzzy rules can generally be generated by one of the following methods: 1) the manipulator's behavior, 2) expert knowledge and experience, and 3) characteristics of the inference systems. This study establishes 32 fuzzy rules by interviewing experts, as shown in Table 1 . 
Determine Defuzzification Method
The centroid technique is one of the most popular methods used for defuzzification. This study thus adopts Center Of Gravity (COG) as a defuzzification method. Theoretically, the COG is calculated over a continuum of points in the aggregate output membership function. However, a reasonable approximation can be obtained by calculating it over a sampling of points (Negnevitsky, 2005) . The COG method is formulated by Eq. (1), as graphed in Fig. 6 .
Time Buffer Adjustment
Erection duration is approximated by using the fuzzy logic addressed in previous sections. According to the estimated duration, the production due dates can be analyzed. The goal of the precast fabricator is to deliver components to the building site according to the progress in construction. To achieve this goal, a contingency time buffer is required. However, too much buffer induces wasteful accumulation of inventory; whereas, too little risks a loss in fabrication capacity. The objective of this study is to evaluate a time buffer that provides an appropriate time cushion with less inventory. The proposed method examines the tardiness penalty and crashing cost by considering the late delivery scenarios established in this study. The cost of the tardiness penalty for component (C te ) of a story can be formulated as Eq. (2).
  
where D i represents the erection duration for the story, inferred using FL; C td , the cost of the tardiness penalty per day; and e N , the number of components in the story. The crashing cost for a component (C ce ), denoted in Eq. (3), includes fees accrued to additional working hours, namely water fees (C w ), electricity (C e ), overtime wages (C o ), and material costs induced by shortening the lead time (C m ), calculated as follows:
According to Eq. (2), the cost of the tardiness penalty for a component (C te ) decreases with the number of components (N e ); whereas, the crashing cost for a component (C ce ) increases with the number of components required for overtime work. Fig. 7 graphs the trends in the curves. In this research, the intersection of the tardiness penalty and the crashing cost curves is defined as the production break-even point (N be ). Prior to this point, the crashing cost is less expensive than the tardiness penalty, meaning that once the fabricator becomes aware of failure to fulfill the erection schedule, overtime work should be immediately launched since overtime is more economical than the tardiness penalty. After the break-even point, overtime work is still necessary, but the crashing cost is greater than the tardiness penalty. The more the fabricator works, the more losses are incurred.
According to the aforementioned late-delivery scenario, the less expensive the crashing cost, the shorter the required time buffer. This research treats number of components between the break-even point (N be ) and the components of the story (N e ) as security inventory, denoted as i in Fig. 2 . This inventory can be converted into a time buffer, b t in Fig. 2 
Experiment
An actual Taiwanese case, a furniture mall constructed from precast components, is used to demonstrate the performance of the proposed model. This four-story, one-basement shopping mall has a construction budget of US$ 5.7 million. The precast components required for each story are listed in Table 2 , which indicates that B1F has 195 major and 290 minor beams but no precast column. The mall also has a mezzanine, denoted as M1F, between the first and the second floors.
Erection Progress Inference
The possible erection progress on each story is inferred using FL. The inputs for each story in the developed fuzzy system are listed in Table 3 ; the inference results, in Table   4 . A possible erection schedule for each story is calculated from RF to B1F.
Time Buffer Adjustment
In this study, the time buffer is evaluated by considering the tardiness penalty and the crashing cost. The cost of the tardiness penalty for a component (C te ) can be derived using Eq. (2). For example, the inferred erection duration (D i ) for B1F is 21 days. The tardiness penalty is one thousandth of the construction budget for the project, i.e., US$5667 per day (C td ). The total tardiness penalty for the B1F is US$119000. By dividing this total by 485 components, the per-component penalty (C te ), i.e. US$245, can be calculated. The tardiness penalties for each story are listed in The precast components are assembled in sequence, i.e., columns, then major and minor beams. In a crash, the production and construction sequences correspond. The crashing cost can be evaluated by the weight of components. Among these, the column is the heaviest followed by the major and minor beams. The throughput of the studied factory is about 20 components per day. the number of steel molds for the columns and the major and minor beams are 6, 16, and 20, respectively. When using B1F as an example, at the beginning the crash, the factory primarily fabricates major beams since B1F has no column. In one weekday, the factory can fabricate 16 major and 4 minor beams. The 195 major and 52 minor beams require 13 production days (totaling 260 components). Afterward, the factory primarily fabricates minor beams having lighter weights and lower crashing costs. The total weights of the major and minor beams are 2015 and 1077 tons, respectively. Moreover, crashing cost is US$7 per ton. Hence, the crashing cost is US$52 per component if production does not exceed 260 components; whereas, this cost falls to US$32 per component when production exceeds 260.
The production break-even point defined in this study can be obtained by calculating the intersection of the tardiness penalty and crashing cost curves. The break-even points for each story are listed in Table 6 . A time buffer can be determined by dividing the break-even point by the throughput. For example, the break-even point for B1F is 428 components (N be =428) ; the components in the story, is 485 (N e =485) ; the security inventory, 57 (i=(485-428)=57); and the throughput of the factory, 20 components per day (tp). A three-day time buffer (b t =3) for B1F can be obtained by applying Eq. (4).
Journal of Engineering, Project, and Production Management, 2012, 2(2), 101-111 Table 7 lists comparisons of both the actual and the adjusted production data. The erection, actual-production, and adjusted-production curves are graphically illustrated in Fig. 8 . According to this figure, the proposed method for finishing production later relative to delivery dates by means of a time buffer is closer to the progress of the erection. Hence, the level of finished goods inventory can be decreased. Moreover, the possibility of the fabricator's succumbing to the impact of variability can be reduced.
Conclusions
This report has elucidated the research on the development of the Time Buffer Evaluation Model (TBEM) to deliver products on time while accumulating less inventory. This model consists of two stages, i.e., erection duration inference and time buffer adjustment. The erection duration was inferred using FL; whereas, the time buffer was adjusted by considering the tardiness penalty and the crashing cost.
This study adopted a production strategy that finishes production later relative to delivery dates to reduce both inventory and the impact of demand variability. To avoid out-of-capacity fabrication due to a late production, this paper analyzed a time buffer from a pessimistic perspective in a crashing scenario. The experiment results showed that by adopting the proposed model, the level of finished goods inventory can be reduced without changing the production resources. Fabricators can thus reduce the risks of changes in delivery dates and manufacturing a product that is either not yet needed or succumbs to design changes. The proposed TBEM can be further enhanced in the future by carrying out more theoretical and empirical investigations.
